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Abstract 
Elastomer components are normally produced by a molding process. When it comes to small batch sizes this becomes inefficient due to the 
expensive production of the molding tool, and machining is an economic alternative. However, due to the very low Young’s modulus 
elastomers are difficult to machine. The investigated approach to enhance machinability was to use cryogenic cooling during cutting elastomer 
components, changing their mechanical properties.  
Experiments in turning show that elastomers do not respond like ordinary metal materials. Hence this study is conducted to describe the effects 
occurring during turning elastomers assisted with cryogenic cooling. Therefore extensive tests were carried out to determine the material 
characteristics. Forces and tool temperatures were measured in turning tests. A rise in tangential cutting force by approximately 30% compared 
to dry machining verifies the change in material properties at very low temperatures. This correlates with the measured tensile strength at 
different temperatures. The examined surface integrity and the formed chips confirm the improvement in machinability under cryogenic 
conditions as a result of lower material deformation. In addition the friction between tool and chip was evaluated by applying a temperature 
dependent friction law. 
© 2016 The Authors. Published by Elsevier B.V. 
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1. Introduction 
Due to their elastic properties elastomers are currently used 
in a wide field of applications. For example, elastomers serve 
as sealings to prevent liquids or gases from leaking, as 
bearings to reduce vibrations, as electrical and thermal 
insulators, tires, and conveyor belts for transportation of 
different materials [1]. 
Primary shaping such as injection molding or compression 
molding are the most common technologies for manufacturing 
elastomer parts. However, as it requires expensive custom-
made pressing molds, the fabrication of single parts and small 
batch sizes is uneconomic. Shape cutting as an alternative 
production technology for small quantities enables a reduction 
of cost and increases the flexibility of handling. Since 
elastomers have a very low elastic modulus, the material 
avoids the cutting edge, leading to large deformation and 
therefore poor surface quality and lower accuracy. Cooling the 
material before machining increases the elastic modulus 
significantly, allowing for better machinability. As a result, 
the surface finish can be improved. 
1.1. Cryogenic assisted cutting 
During the past years, many studies have been carried out 
on cryogenic assisted cutting. There are different cooling 
approaches reported: 
x cryogenic spraying and jet cooling 
x pre-cooling of the workpiece 
x indirect cryogenic cooling 
x cryogenic treatment 
  
When using the jet cooling method, the coolant is inserted 
directly into the cutting region, dissipating heat from the 
cutting zone. This also reduces the chemical reactivity of the 
tool material and therefore can significantly reduce the wear 
rate of the tool. Cryogenic pre-cooling the workpiece aims at 
changing the material properties in order to enhance 
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machinability. The third approach is the indirect cooling. 
Here, the temperature at the cutting point is reduced through 
heat conduction. The coolant is guided through a chamber 
below the cutting insert, freezing the cutting tool without 
direct contact between the cryogen and the cutting zone or 
workpiece. The cryogenic treatment is comparable with heat 
treatment. Its main objective is to improve wear resistance and 
dimensional stability [2, 3, 4]. 
On the effect of cryogenic cooling on cutting forces, 
different observations can be reported. On the one hand, lower 
cutting temperatures lead to stronger and harder workpiece 
material, enhancing the cutting force. On the other hand 
harder material is less sticky to the tool due to the reduction in 
adhesion, which helps decreasing the cutting force. 
Experiments show that using cryogenics as coolant improves 
tool life significantly compared to dry cutting. It is also 
reported that cryogenic machining reduces the surface 
roughness and the tensile residual stress of the machined 
surfaces [2, 3, 4]. 
1.2. Characteristics of elastomers 
In general, plastic materials may be divided into three 
groups, characterizing their mechanical behavior. Thermoset 
plastics consist of molecular chains of polymers, which are 
closely cross-linked. Therefore they are hard and brittle. After 
vulcanization, thermoset plastics cannot be deformed or 
melted. Consequently yielding is not possible. Elastomers are 
characterized by widely-meshed cross-links within the 
molecular chains. They can be easily deformed by applying a 
load. In this state the molecular chains disentangle, allowing 
the elastomer to extend to a multiple of its original size. After 
removing the load, they recover their former shape. As 
thermoset plastics, elastomers are not meltable and they do not 
allow any yielding once they are vulcanized. At last, there are 
the thermoplastics. Unlike thermosets and elastomers they are 
not cross-linked. Hence they show elastic-plastic behavior. 
Thermoplastics can be formed by applying heat. Thus they are 
meltable and weldable [5]. 
Based on the cross-linking, elastomers cannot be formed 
plastically, as they do not exhibit a plastic region [6, 7]. 
Instead of melting they start to decompose at high 
temperatures [6]. In the unstressed state, the molecular chains 
are highly entangled and the orientation of the molecules is 
non-directional. This is the status of highest entropy [1]. 
Under load these molecules straighten, reducing the entropy. 
This behavior is called entropy-elastic, which is in contrast to 
the energy-elastic behavior of metal materials, where the 
interatomic distance varies, not allowing big strains [7]. 
However, elastomers do not only have this entropy-elastic 
behavior. At very low temperatures and at high strain-rates 
they act stiffer and more brittle [8, 9], showing energy-elastic 
behavior. This leads to a higher elastic modulus ܧ (see fig. 1). 
This transition from entropy-elastic to energy-elastic is called 
the glass-transition-range. High strain-rates move this range 
towards higher temperatures. This correlation between 
temperature und strain-rate can be described by an analytical 
equation derived by Williams, Landel, and Ferry [10]. The 
shear modulus ܩ also has that dependency on temperature and 
strain rate. Both elastic and shear modulus have a real and an 
imaginary part referred to as storage modulus ܧԢ, ܩԢ and loss 
modulus ܧԢԢ , ܩԢԢ , respectively [11]. The storage modulus 
describes the reversible characteristics of elastomers and the 
loss modulus reflects the viscous share [6]. The frictional 
behavior is another property which is dependent on 
temperature and strain-rate [12, 13]. Therefore the Coulomb’s 
Law of Friction is not applicable. One approach to evaluate 
the friction coefficient ߤ is given in [14]: 
 
      (1) 
 
in which ׏z is the mean quadratic inclination of the surface 
the rubber slides on. The second factor is the ratio between the 
loss modulus of shear G'' and the absolute value of the 
complex shear modulus |G* |. 
Due to the amorphous structure of elastomers they can be 
considered as homogeneous and isotropic [15]. They are also 
incompressible and their stress-strain curve is nonlinear [6, 7]. 
Elastomers possess a heat capacity that lies above the value of 
steel and a heat conductivity which is approx. two orders of 
magnitude lower compared to steel [8]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Temperature influence on the modulus of elasticity E of elastomers, 
schematically [5, 7]. 
1.3. State of the art of machining elastomers 
Only a few authors did experimental research on the 
machining of elastomers. Nayak et al. [16] investigated the 
influence of different cutting conditions on the chip formation 
mechanism. Three basic types of chips were categorized: 
continuous ribbon-chips, segmented chips and discontinuous 
chips. Large rake angles produced the best surface quality, 
going along with continuous ribbon-chips. In a further 
publication Nayak et al. [17] showed that cutting forces are 
higher in cutting elastomers assisted with cryogenic cooling 
compared to ambient conditions as the elastic modulus 
increases at lower temperatures. Shih et al. [18, 19] conducted 
experiments on end milling of elastomers. Higher cutting 
speeds and cryogenic cooling exerted a positive influence on 
the process by producing better surface quality. Higher cutting 
ߤ ൌ ߘݖ ή ܩ
ᇱᇱ
ȁܩכȁ 
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forces with cryogenic cooling were also noticed. Dhokia et al. 
[20] introduced a process for cryogenic machining of 
elastomers. A process control system was developed in order 
to maintain a constant process temperature and to prevent the 
workpiece from undercooling. In his dissertation, Bargel [21] 
investigated the turning of a Nitrile-Butadiene-Rubber (NBR). 
He observed the formation of four different surface structures 
depending on the used process parameters. A rib profile 
indicates a continuous and stable cutting process. Such a 
surface is preferred as it is accompanied by the lowest material 
deformation and hence little dimensional tolerance. In contrast 
to a rib profile there is a profile with troughs and breakouts, 
showing the worst surface quality. It designates a 
discontinuous turning process with large material deformation. 
Higher feed rates and cutting speeds support a rib profile. 
Joswig [15] developed a test station to photograph an 
orthogonal turning process with high magnification. This 
allows the examination of the deformation of the elastomer 
right in front of the cutting edge during machining. He found 
that high rake angles generate low distortions and therefore 
low cutting forces. By investigating different rubber materials, 
Joswig also stated that the glass transition temperature 
influences the cutting forces. 
Since the influence of temperature on the elastic modulus is 
much higher than the influence of strain rate, cooling the 
workpiece is much more effective rather than using higher 
cutting speeds. For this reason the cutting phenomena of 
elastomers are investigated under cryogenic conditions using 
liquid nitrogen as coolant. 
2. Investigation of turning elastomers 
The following investigation was conducted with a filled 
NBR. As a very common elastomer, NBR is used for oil- and 
fuel-resistant sealings, flexible tubes, and conveyor belts. 
Furthermore, there are applications in the food industry as 
sealings for grease- and oil-resistant products [5]. 
2.1. Characterization of the elastomer NBR 
The shore hardness of the NBR was measured by a 
durometer (69 Shore A). Its density was determined and is 
approx. 1.4 g/cm3. A dynamic-mechanical analysis was 
performed to identify the complex shear modulus as a function 
of temperature. The recorded curves showed a glass transition 
temperature of approx.  36 °C. The shear modulus at room 
temperature has a real part (storage modulus) of 13.2 MPa and 
an imaginary part (loss modulus) of 2.7 MPa. In addition 
tensile tests were conducted at different temperatures on a 
Zwick material testing machine (testing speed: 0.05 mm/s; 
preload force: 10 N) within a temperature chamber applied for 
low temperatures. The measured results are shown in Fig. 2, 
demonstrating that decreasing temperatures lead to an increase 
in elastic modulus and a rise of tensile stress. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Measured stress-strain curve of NBR at different temperatures. 
2.2. Experimental setup and cutting conditions 
The turning experiments were performed on a conventional 
turning lathe (Mikromat 2D DZFG). Fig. 3 shows the 
experimental setup. All elastomer specimens were bucked 
from a 50 mm thick rubber mat through abrasive waterjet 
cutting. The final shape is a hollow cylinder with an outer 
diameter of 90 mm. In order to avoid deformation through 
mounting, the elastomer specimens were held by a customized 
mandrel which is designed to provide the specimens from 
turning and moving sideways. This fixture was then clamped 
into the three jaw chuck of the lathe. 
The lathe tool used had been standardized according to 
DIN 4980. This tool has a cutting edge angle of 90°. Rake and 
clearance angle were adapted to the desired values by 
grinding. The clearance angle is 11°, and two values were 
tested for the rake angle: 20° and 40°. The applied cutting 
insert is made of uncoated carbide ISO P25/P30. 
A dynamometer by Kistler was used to record cutting 
forces. Additionally, the cutting tool temperature was 
measured. Therefore a K type thermocouple (diameter: 
0.5 mm) was positioned in an EDMed hole through the tool 
insert 0.5 mm beneath the rake face, as shown in fig. 3 at the 
bottom. The excess of the hole was filled with heat transfer 
paste in order to ensure good heat conduction between 
thermocouple and insert. 
Based on preliminary tests and references from previous 
publications, the cutting parameters were selected. Cutting 
depth and cutting speed were held constant at ap = 1.5 mm and 
vc = 200 m/min, respectively. Feed was varied according to 
table 1. 
Table 1. Variable cutting parameters. 
Working conditions Rake angles (°) Feed (mm) 
Dry cutting 20; 40 0.2; 0.25; 0.315; 0.4 
Cryogenic cooling 20; 40 0.2; 0.25; 0.315; 0.4 
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Fig. 3. Experimental setup and position of the thermocouple inside the cutting 
insert. 
2.3. Experimental procedure 
Turning tests were performed twice for every parameter 
combination (2 rake angles and 4 feeds) in dry and cryogenic 
condition. So there were a total of 32 experiments. For the 
cryogenic tests, the workpiece was cooled in the clamped 
state. Liquid nitrogen served as coolant. The LN2 was 
delivered to the workpiece via cooling nozzle. This nozzle has 
a diameter of 3 mm and its distance to the workpiece was 
40 mm. The pressure of the cryogenic delivery system is 
1.2 bar. In order to cool the complete elastomer specimen, the 
workpiece rotated with 450 rpm and the nozzle moved with a 
velocity of 12 mm/s along the workpiece. To ensure glass 
transition temperature on the surface of the elastomer as far as 
the depth of cut, this procedure was carried out twice. 
Besides measuring forces and temperatures, chips and 
surface integrity of the machined elastomer were evaluated. 
In order to estimate the influence of very high rake angles 
on the cutting force, the experiment was repeated with an 
aluminum alloy AlMg3 under dry conditions. 
3. Cutting forces 
3.1. Cutting forces for very large rake angles 
In fig. 4 the measured tangential cutting forces ܨ௧  for the 
aluminum alloy are displayed at different feeds and rake 
angles. Additionally the results are approximated with the 
approach derived by Kienzle: 
 
(2) 
 
Ft is the calculated tangential cutting force, b and h are chip 
width and thickness, respectively. kc1.1 is the specific cutting 
force of a cross section where b = 1 mm and h =1 mm, m is a 
characteristic value of the material. For AlMg3 these values 
are: kc1.1 = 780 N/mm² and m = 0.23 [23]. Kγ and Kvc are rake 
angle factor and cutting speed factor, describing the influence 
of cutting speed and rake angle on the cutting force [24]. The 
correlation between Kγ and the rake angle is only valid for 
rake angles less than or equal 20°. As seen in the graph in fig. 
4 the cutting forces at a rake angle of 40° (red solid line) are 
underestimated due to a small rake angle factor. Therefore this 
factor was adapted to Kγ(γ = 40°) = 0.6 in order to satisfy the 
measured values (red broken line). The further evaluation of 
the cutting forces in elastomer machining is conducted using 
this adapted value. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Comparison of the measured tangential cutting forces using the 
theoretical values by Kienzle for aluminum AlMg3 alloy. 
3.2. Turning NBR-elastomers with cryogenic cooling and 
under dry cutting conditions 
The measured cutting forces for the cryogenically cooled 
process and dry turning of elastomers are shown in fig. 5. 
Using these values, k_c1.1 and m are identified and listed in 
table 2. The corresponding curves are plotted in fig. 5 as well. 
It can be stated that the approach by Kienzle is also suited for 
elastomer cutting as it shows good accordance to the measured 
cutting forces. 
The differences in these material parameters between 
cryogenic and dry cutting reflect the change in material 
properties of the elastomer at very low temperatures. The rise 
of the specific cutting force correlates with the rise of strength 
measured in the tensile tests (see fig. 2). In addition to the 
tangential cutting force, the feed and the radial thrust force 
also increase with cryogenic cooling (see fig. 6). 
Table 2. Calculated Kienzle parameters for machining NBR. 
Working condition 
specific cutting force 
݇௖ଵǤଵ (N/mm²) 
tangent of the 
gradient angle ݉ 
Dry cutting 22 0.76 
Cryogenic cooling 32 0.65 
 
 
 
 
 
ܨ௧ ൌ ܾ ή ݄ ή
݇௖ଵǤଵ
݄௠ ή ܭఊ ή ܭ௩௖  
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Fig. 5. Approximation of the measured tangential cutting forces for cryogenic 
and dry turning of NBR according to the Kienzle approach. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6. Feed and radial thrust forces for cryogenic and dry turning of NBR. 
4. Evaluation of friction values 
The friction coefficient was calculated according to 
equation (1). The results are listed in table 3. Using a 
roughness measuring device ST1 from Garant, the surface 
profile of the rake face was recorded. It was found that the 
surface of tool 1 (rake angle: 20°) was less rough than the 
surface of tool 2 (rake angle: 40°). Consequently the friction 
coefficient is lower. The ratio ܩᇱᇱȀȁܩכȁ  could be calculated 
from the results of the DMA. Its dependence on temperature is 
illustrated in fig. 7. The measured temperatures for dry turning 
are in a range around 60 °C. Turning with cryogenic cooling 
showed only a small drop in temperature inside the tool, being 
approx. 40 °C. This results in a higher ratio ܩᇱᇱȀȁܩכȁ  at 
cryogenic conditions, which is the reason for higher friction 
coefficients compared to dry turning. 
The comparatively high temperatures in turning pre-cooled 
elastomers can be explained by energy-dissipation within the 
elastomer due to deformations in front of the cutting edge and 
along the friction surface. 
Table 3. Determination of the coefficient of friction in accordance with [14]. 
 ߘݖ  dry 
cryogenically 
assisted 
Tool 1 (ߛ ൌ ʹͲιሻ 11.5 1.4 2.0 
Tool 2 (ߛ ൌ ͶͲιሻ 14.8 1.9 2.6 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7. The ratio between loss modulus and the absolute value of shear 
modulus as a function of temperature. 
5. Chip formation and surface integrity 
The machined surfaces were observed with a light-optical 
microscope from Polytec. Fig. 8 shows the difference between 
dry and cryogenically machined surfaces. As the rib profile 
indicates in the top image, the deformation of the cooled 
material is less than the deformation of the material at ambient 
temperature. The feed grooves are clearly visible and their 
distance is equal to the feed. In contrast, the dry machined 
surface shows hardly any grooves. 
 
Fig. 8. Surface integrity of (a) cryogenically assisted turned elastomer and 
(b) dry turned elastomer at a feed of 0.25 mm. 
636   M. Putz et al. /  Procedia CIRP  40 ( 2016 )  631 – 636 
 
Fig. 9. Chip formation of (a) cryogenically assisted turned elastomer and 
(b) dry turned elastomer. 
The examination of the produced chips showed a 
significant difference between dry and cryogenic cutting (see 
Fig. 9). While under dry conditions endless ribbon-chips 
occurred, cryogenic turning formed segmented, partly 
contiguous chips. Feed or rake angle did not show any 
influence on chip formation. It can be stated that cooling the 
elastomer enhances chip breaking as it makes the material 
prone to brittle fracture. The measured high temperatures in 
the tool seem to appear only at the bottom of the chip. Due to 
the low thermal conductivity of the material, it can be 
assumed that the upper side of the chip is still frozen, which 
explains the chip breaking. 
6. Conclusions 
The investigations confirmed that using liquid nitrogen to 
cool down elastomers before machining changes their 
characteristics, thus improving their machinability. 
Deformation by the cutting action can be reduced leading to a 
better surface quality. The application of the Kienzle approach 
for calculating the tangential cutting force was proven to be 
suitable for this material. In addition the friction coefficient 
between tool and chip was evaluated applying a temperature 
dependent friction law. 
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